Migratory species are of special concern in the face of global climate change, since they may be affected by changes in the wintering area, along the migration route and at the breeding grounds. Here we show that migration and breeding times of a trans-Saharan migrant, the pied flycatcher Ficedula hypoleuca, closely follow local temperatures along the migration route and at the breeding grounds. Because of differences in long-term temperature trends of short within-spring periods, the migration period and the time interval between migration and breeding dates of this species have extended in SW Finland. Temperatures in northern parts of Central Europe have risen at the time when the first migrants arrive there, facilitating their migration northward. Temperatures later in the spring have not changed, and the last individuals arrive at the same time as before. The timing of breeding has not advanced because temperatures at the breeding site after arrival have not changed. These results show that the pied flycatchers can speed up their migration in response to rising temperatures along the migration route. Our results strongly indicate that the effects of climate change have to be studied at the appropriate time and geographical scales for each species and population concerned.
Introduction
The urgent need to understand the possible effects of global climate change on plant and animal populations has posed a major challenge for biologists (Harrington et al., 1999; Hughes, 2000; Walther et al., 2002) . The impact of climate change on migratory species is of particular concern, since they may be affected by changes anywhere along the migration route or at the breeding or wintering grounds (Bairlein & Winkel, 2001) . Recent studies have reported advancement of migration times of birds with increasing local temperatures in the target area (e.g. Sparks, 1999; Tryjanowski et al., 2002 ; reviewed by Lehikoinen et al., 2004) , local climate along the migration route (Huin & Sparks, 1998 , 2000 Strode, 2003) , and a large-scale climatic phenomenon, the North Atlantic oscillation (NAO) (e.g. Forchhammer et al., 2002; Hü ppop & Hü ppop, 2003) . The timing of reproduction has also advanced in many species during the last two decades in response to climate warming (e.g. Crick & Sparks, 1999; Dunn & Winkler, 1999; Sanz, 2002; reviewed by Dunn, 2004) . However, no studies to date have examined how variations in climatic conditions along the migration route affect different phases of migration, and how climatic conditions along the migration route and at the breeding grounds together affect the timing of reproduction. This is the first study demonstrating how differences in long-term temperature trends of short periods during migration and pre-laying periods together affect the spring phenology of a migrant species.
The pied flycatcher is a small insectivorous passerine bird that breeds in Europe and winters in sub-Saharan Africa (Lundberg & Alatalo, 1992) . It is thus a longdistance migrant, in which the onset of migration is thought to be under endogenous control and to depend on the photoperiod (Gwinner, 1986) . According to a recent review, the timing of breeding has advanced over recent decades in many although not all pied flycatcher populations (Sanz, 2003) . In some populations, pied flycatchers have been suggested to face a 'mismatch' with local phenology at the breeding grounds as a consequence of climate warming during the last few decades (Both & Visser, 2001; Sanz et al., 2003) . It has been suggested that the timing of the food peak of these populations has advanced substantially due to warmer spring temperatures, while the timing of breeding is constrained by spring arrival that has not advanced (Both & Visser, 2001) . Little is known about the factors causing variation in responses to climate change among pied flycatcher populations, but differences in local climatic patterns have been suggested to be important (Sanz, 2003) .
We used long-term data sets from 1970 to 2002 to analyse how spatial and temporal variation in climate trends has affected the spring migration and breeding times of pied flycatchers in SW Finland. As climatic factors, we used the NAO index (Hurrell, 1995) and local daily mean temperatures of the regions passed by Finnish pied flycatchers during spring migration. First, we explored the variation in NAO and local temperatures along the migration route and at the breeding grounds during the study period. Second, we investigated variation in spring migration times and examined how temperatures along the migration route affect the spring migration of pied flycatchers in Southwest Finland. Third, we analysed variation in the timing of breeding and the effect on the timing of breeding of spring migration time, NAO and local temperature. Finally, we examined how spatial and temporal variation in long-term temperature trends can explain migration and breeding times.
Methods

Data
Arrival data were collected at the Jurmo Bird Observatory in the SW archipelago of Finland (59150 0 N, 21137 0 E; Fig. 1 ). We used data on the daily numbers of pied flycatchers observed on the island (n 5 14 439 individuals in . Daily counts consist of careful searches for all resting birds at important sites, standard routine censuses and ringing activities (Vähä-talo et al., 2004) . We also used ringing data from 1971 to 2002, in which the sexes of the birds were identified, to distinguish between the arrival times of males (n 5 2267) and females (n 5 2259). For each year, we calculated the dates when 5% (early), 50% (median) and 95% (late) of all individuals in each group had been observed or ringed. The ringing data were obtained from Ringing Centre of Finnish Museum of Natural History.
Breeding data was combined from two population studies in SW Finland. The first part of the data, covering 1970-1994 (missing years: 1990, 1992 ; n 5 1123 nests) was collected at Askainen (60130 0 N, 21145 0 E, Fig.  1 ) by Lars von Haartman (e.g. Haartman, 1990) . The second part, covering 1991-2002 (missing year: 1992) was collected at Harjavalta (ca. 61120 0 N, 22110 0 E, Fig. 1 ) by E. L. and T. E. From the Harjavalta data, we excluded nests situated closer than 3 km to a copper smelter, to exclude breeding occasions affected by heavy metal pollution (Eeva & Lehikoinen, 1996 ; final n 5 2164). We used only nesting attempts considered to be the first ones of the females during each year. Distance between the two areas was approximately 95 km. In the 3 study years common to both areas, the laying dates did not differ between locations (area: F 1,801 5 1.95, P 5 0.16; year: F 2,801 5 309.53, Po0.0001; area Â year: F 2,801 5 2.24, P 5 0.11).
Data of all spring recoveries of pied flycatchers ringed in Finland was obtained from Ringing Centre of Finnish Museum of Natural History. The recoveries show that the main spring migration route to Finland passes through the Western Mediterranean area and Central Europe (Fig. 1) . We used temperature data (mean daily temperatures) from eight different places along the migration route and at the breeding grounds (Fig. 1) . The temperature data for the migration route were obtained from the European Climate Assessment & Dataset (ECA&D) project (http://www.knmi.nl/ samenw/eca/htmls/index5.html). As proxy for the breeding area we used temperature data from Turku (60130 0 N, 22116 0 E, Fig. 1 
Determination of relevant time periods for explanatory mean temperatures
Because the ringing recovery data did not provide enough information for identifying the overall progress of pied flycatchers' spring migration through Europe, we determined the time period when the temperatures at each place correlated most strongly with the median arrival dates of pied flycatchers in Finland. Since 90% of pied flycatchers arrive in SW Finland within a period of 3-4 weeks ( Fig. 3a) , we calculated correlations between the median date of the observations at Jurmo and the mean temperatures of imbricate 3-week periods (moving in 3-day steps from 1 March onwards) along the migration route. To describe temperatures prior to egglaying at the breeding areas, we used mean May temperatures: pied flycatchers begin to arrive in Finland at the turn of April/May (Fig. 3a) , and most of them have initiated egg-laying by the turn of May/ June.
Analyses
We performed regression analyses to determine the factors that affect the arrival and breeding time of pied flycatchers. We routinely examined the autocorrelation structure and normality of the model residuals. All analyses were conducted with the SAS 8.2 statistical software (SAS Institute Inc., Cary, NC, USA). In all analyses we used running day numbers, set in such a way that the vernal equinox was always day number 80 (Sagarin, 2001 ). The results, however, are reported as calendar dates based on a vernal equinox on 20 March.
Results
The relevant time period for explanatory mean temperatures
The temperatures of the Mediterranean locations did not correlate with the median arrival dates in Jurmo at any time, whereas strong peaks of significantly negative correlations between median arrival date and temperatures in Central Europe emerged almost simultaneously in the 3-week period starting on 20 April. Correlations with temperatures in these locations began to weaken at the latest after the period 5 May-25 May (Fig. 2) . The beginning of the strongest correlations coincides closely with the earliest spring ring recoveries of Finnish pied flycatchers north from the Pyrenees (Fig. 1) . The point of weakening correlations is just before the date when 95% of all pied flycatchers have arrived in SW Finland (Fig. 3) . We therefore used mean temperatures from the period 20 April-25 May as explanatory variables in subsequent analyses of the timing of pied flycatcher arrival. (Table 1a) . Mean May temperature of the breeding area or NAO did not show any significant trends during (Table 1a) . The temperatures for 20 April-25 May were intercorrelated over a wide geographical area, but the strength of the correlations weakened with increasing distance between the sites (appendix). Temperatures (20 April-25 May) of Bron Lyon, Bamberg, Hamburg, Växjö and Turku were positively correlated with NAO, while those of locations south of the Alps and Pyrenees were not (appendix).
Timing of arrival and breeding
The arrival period of pied flycatchers in SW Finland, which is represented as the time interval between the arrival of the early (5th percentile) and the late (95th percentile) migrants, extended between 1970 and 2002 (b AE SE 5 0.21 AE 0.07, t 5 2.89, P 5 0.007; Fig. 3a) . The extension was almost 1 week in 30 years. The reason for this was that early migrants advanced their arrival significantly (b 5À0.27 AE 0.08, t 5À3.44, P 5 0.002; Fig.  3a ) while late migrants did not (b 5À0.06 AE 0.07, t 5À0.78, P 5 0.44; Fig. 3a) . The advancement of median arrival date was indicative (b 5À0.12 AE 0.07, t 5À1.79, P 5 0.08; Fig. 3a) . Sexes did not differ in their responses in any phases of arrival period (sex Â year interactions, all P40.43). There was no advancement in either mean (b 5 0.03 AE 0.07, t 5 0.41, P 5 0.68) or in median (b 5 0.04 AE 0.07, t 5 0.53, P 5 0.60; Fig. 3b ) laying date of the first egg in 1970-2002. Neither were there any trends in the 5th and 95th percentiles nor in the length of the laying period. As a consequence, the time interval between median arrival date and median laying date increased (b 5 0.16 AE 0.07, t 5 2.25, P 5 0.03; Fig. 3c ). The result was similar when arrival was analysed by sexes: females, b 5 0.21 AE 0.09, t 5 2.33, P 5 0.03; males, b 5 0.33 AE 0.10, t 5 3.28, P 5 0.003.
With median arrival date as a response variable in single factor regressions, NAO explained 18% of variation (b 5À1.53 AE 0.53, t 5À2.87, P 5 0.007), while the temperature of the period 20 April-25 May in Hamburg (northern Germany) explained as much as 47% of the variation (b 5À1.71 AE 0.32, t 5À5.34, Po0.0001). The temperatures of the other locations (except for the two in Spain) were also significantly negatively connected with the timing of arrival, but less so than those of Hamburg (Table 1b) . In a multiple regression model with year, NAO and temperature of Hamburg as explanatory variables, only the tempera- date explained 22% (b 5 0.45 AE 0.15, t 5 3.11, P 5 0.004) and median arrival date of females explained 23% of the variation (b 5 0.33 AE 0.11, t 5 3.12, P 5 0.004). The mean May temperature at the breeding area had the greatest single effect, explaining 56% of variation in the laying date (b 5À1.66 AE 0.26, t 5À6.31, Po0.0001). In a multiple regression model with NAO, mean May temperature, median arrival date of females and year as explanatory variables, NAO did not affect laying date (P 5 0.39). After NAO was dropped from the model, timing of breeding was significantly affected by mean May temperature (b 5À1.40 AE 0.22, t 5À6.34, Po0.0001), median arrival date of females (b 5 0.24 AE 0.07, t 5 3.44, P 5 0.002) and year (b 5 0.09 AE 0.04, t 5 2.32, P 5 0.03). This model explained 71% of variation in the mean laying date.
Variation in long-term temperature trends of short within-spring periods
To explore why different phases of the spring phenology of pied flycatchers showed variable trends, we explored the local temperatures along the migration route in detail. We examined long-term trends of the mean temperatures of sequential 5-day periods from 4 April till 28 May. It turned out that a highly significant warming trend occurred only at the end of April in northern Central Europe (Fig. 4a) . In southern locations the pattern of temperature trends appeared to be less variable through spring (Fig. 4b) .
Discussion
Our results show that both the arrival period and time interval between arrival and laying dates of pied flycatchers extended in SW Finland between 1970 and 2002. These results are logically explained by differences in long-term temperature trends of short withinspring time periods; spring temperatures have risen only during a short period at the time when the early migrants pass northern Central Europe. These findings indicate that the timing of spring arrival has not constrained the timing of breeding in Finland, as it may have done in more southern locations (Both & Visser, 2001; Sanz et al., 2003) . On the contrary, towards the end of the 20th century the birds have waited longer to start breeding after arrival.
NAO explained a part of the variation in median arrival date, but when the temperature of Hamburg was included in the model, it clearly overrode the effect of NAO. These results indicate that while NAO is an important large-scale climatic factor affecting local temperatures in Europe, the weather conditions of the relevant time periods and sites explain much more of Fig. 3 (a) Migration dates when 5% (early), 50% (median) and 95% (late) of all pied flycatchers in each year were observed at the Jurmo Ornithological Station, (b) median dates of first egg laying in study populations in SW Finland and (c) yearly differences (in days) between medians of migration and laying dates. the variation in arrival times. The temperatures of the other places along the migration route explained the variation in arrival times less than those of Hamburg. This suggests that Finnish pied flycatchers initiate the last stage(s) of their spring migration journey on the basis of weather conditions in northern Central Europe.
The warming period in the northern locations coincides closely with the time when the early Finnish pied flycatchers arrive in northern Central Europe. Since the temperatures of the Hamburg area explain nearly half of the annual variation in arrival times, it seems clear that due to the warming the early migrating flycatchers have begun to continue their migration northward more rapidly than later migrants. The period of warming in spring is so short that it has not affected the later migrating individuals, which arrive at the same time as before. The variation in long-term temperature trends of short within-spring periods has thus extended both the arrival period and the time interval between arrival and breeding.
Different phenological stages have changed in different pied flycatcher populations. For example in the Netherlands timing of breeding has advanced while timing of arrival has not (Both & Visser, 2001) , whereas in Finland the arrival period and the time interval between arrival and breeding have extended. In order to cast some light on these differences, we examined also the long-term temperature trends of 5-day withinspring periods at De Bilt in the Netherlands ( Fig. 1 ; Both & Visser, 2001 ). The trends were very similar to other locations in western Central Europe, with a clear warming trend occurring only at the end of April (Fig.  4a) . As the phenology of pied flycatchers is earlier in the Netherlands than in Finland, the warming period there occurs just prior to the egg-laying period (Both & Visser, 2001 ). In accordance with the warming of only this short period, laying dates have advanced in the Netherlands while arrival dates have not changed (Both & Visser, 2001) . In Spain, the recent warming has been more uniform through the spring than in Central and Northern Europe (Fig. 4a, b) . Consequently, pied flycatchers in Spain have suffered declines in some fitness components due to late breeding in relation to local phenology . These results indicate that spatio-temporal variation in temperature trends can logically explain the among-population variation in long-term trends of spring phenology (Sanz, 2002 (Sanz, , 2003 Visser et al., 2003) .
Our study on the pied flycatcher provides an important example for understanding spatial and temporal variation in the effects of climatic change on arrival and breeding times. Although the pied flycatcher is a long-distance migrant, and thus expected to be under strong endogenous control in the timing of migration, it responds strongly to local temperatures both in the last stages of the spring migration route and at the breeding grounds. Variable long-term temperature trends of short periods within spring have therefore induced differences in the progress of spring events between and within pied flycatcher populations. These results demonstrate that the effects of climatic changes should be studied at the appropriate time and geographical scales for the species or population concerned. Visser and two anonymous referees gave valuable comments, which improved the paper. This study was funded by Academy of Finland, Kone foundation, Maj and Tor Nessling foundation and Emil Aaltonen foundation.
Correlations between winter NAO index and the temperatures of eight places along the migration route of Finnish pied flycatchers (note that each correlation appears two times in the table). 
